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Abstract

A new skutterudite phase RugsPd, sSby was prepared. This new phase adds to a
large number of already known materials with the skutterudite structure which have
shown a good potential for thermoelectric applications. Single phase, polycrystalline
samples were prepared and characterized by x-ray analysis, electron probe microanalysis,
density, sound velocity, thermal expansion coefficient, and differential thermal analysis
measurements. Rug sPd, sSbs has a cubic lattice, space group Im3(T11,%), with a=9.298 A
and decomposes at about 920 K. The Seebeck coefficient, the electrical resistivity, the
1 1all effect, and the thermal conductivity were measured on hot-pressed samples over a
wide range of temperaturc. Preliminary results show that RugsP’dysSb; behaves as a
heavily doped semiconductor with an estimated band gap of about 0,6 eV. The lattice
thermal conductivity of RugsPdysSb; is substantially lower than for the binary
isostructural compounds CoSb; and IrSb;. The potential of this material for
thermoclectric applications is discussed.

1. INTROD[JCTION

Skutterudite materials have generated a considerable interest as new thermoelectric
materials over the past few years.”” The value of a materia for thermoelectric power
generation or cooling applications is defined by the thermoelectric figure of merit Z which
is a function of the Secbeck coefficient (o), electrical resistivity (p), and thermal

conductivity (A), and is defined as Z = o’/pA. Skutteruditc materials have interesting
transport properties, in particular high hole mobilitics.** The work on skutterudites
initially started by the study of the properties of the binary compounds IrSb; and
CoSb;.'* Although the binary compounds have good electrical properties, their




thermoelectric figure of merit is limited by their relatively high thermal conductivity
(about 110 mW cm’K! at room temperature for 1rSb, and CoSbs). If the lattice thermal
conductivity of the binary compounds could be significantly reduced, high thermoelectric
figure of merit values might be possible.

Several approaches have already been considered to reduce the lattice thermal
conductivity in this class of materials. The first approach, used for many state-of-the-art
thermoclectric materials, is to form solid solutions between isostructural compounds and
reduce the lattice thermal conductivity by increasing the point defect scattering. The
preparation and characterization of p-type Ir,Co;.,Sb; solid solutions have been studied®
and the results have shown that a reduction of about 70°/0 is achieved for a solid solution
with about 12 mole% of CoSb;. Another approach which has been considered to lower
the lattice thermal conductivity of skutteruditc materials is to study the so-called filled
skutterudites. in these materials, arare element R is inserted in the voids of the unfilled
structure resulting in the formula RM4B12 where M= Fe, Ru or Os and B= P, As or Sh.
This clement would substantially scatter the phonons, resulting in low thermal
conductivity values. A recent study of the properties of the filled skutterudite CeFe,Sby,
showed that low lattice thermal conductivity values can be obtained for such materials.*
1 Towever, more work is nceded on these materials to improve their electrical properties
and fully assess their potential for thermoelectric applications.

CoAs;, which was first investigated by Oftedal,” is the prototype of the
skuttcrudite structure. The skutterudite class of materials consists of compounds of the
form AB; where A is Co, Rh, or Ir, and B is P, As, or Sb. In addition to these binary
compounds and filled skutterudites, severa ternary skutterudite-related phases were
reported in the literature and are listed in Table 1. These ternary skutterudite-related
phases arc obtained by substitution of the transition-metal or pnicogen atom in a binary
skutterudite by elements on the left and on the right of this atom similarly to diamond-
like semiconductors.” The resulting phases are isoelectronic to the binary compounds. All
the phases listed in Table 1 are derived from binary skutterudite compounds, the
condition being that the valence-electron count remains constant. The substitution can
occur on the anion site (CoAs; gives for example CoGe;,,Se;s) or on the cation site
(CoSb; gives for example Fegy sNig sSb;). Structurally related skutterudite phases can aso
be formed by partial substitution of the cation or the anion (IrSb; gives for example
PtSn, , Sby g). Almost no information is available in the literature about the transport
properties of these ternary skutterudite phases. Because of the additional atomic disorder
introduced, one can expect some reduction in the lattice thermal conductivity for these
materials. Wc started to investigate the transport properties of these skutterudite
materials to assess their potential for thermoelectric applications. A new ternary-related
phase, RujsP’dysSb;, obtained by substitution of Ru and Pd for Rh in the binary
skutteruditc compound RhSby was prepared. We report here on the preparation and
characterization of this new phase.



11. EXPERIMENTAL DETAIL.S

Single phase, polycrystalline samples of RugsPdysSby were prepared by direct
synthesis of the elements. Ruthenium (99.9970/0), paladium (99.9°/0) and antimony
(99.9999%) powders were mixed in stoichiometric ratio in a plastic vial before being
loaded in a steel dic where they were compressed into dense cylindrical pellets. The
pellets were scaled in a quartz ampoule under vacuum (10-5 Torr) which was heated for 8
days at about 870 K (lower than any of the melting point of the elements). The product
was then removed from the ampoule, crushed, ground in an agate mortar and loaded again
in a second quartz ampoule and heated for another 4 days at the same temperature.

Products of the anncalings were removed from the ampoules and ground to a fine
powder with an agate mortar and pestle. Silicon was added as an interna reference to
compensate for variations in sample positioning and diffractometer calibration errors. X -
ray diffraction analysis was accomplished using a Siemens D-500 diffractometer equipped
with a Ni filter, Cu anode x-ray tube. The scattered x-rays were detected with a Kevex

energy-dispersive spectrometer. The detector window was 380 eV and centered on Cu-K

radiation. The dominant responses were used to characterize the 20 positions of the
peaks observed in the detailed spectrum shown in Fig. 1. That pattern was taken with
scan steps of 0.02 degrees 20 and integrated for 5 seconds per step. A computer program
was used to provide a consistent least squares fit of the 31 peak data set to a face-
centered cubic lattice structure. '

Several samples of RugsPdjsSbs were prepared by hot-pressing the prereacted
powders in graphite dies. The hot-pressing was conducted at a pressure of about 20,000
psi and at a tempceraturc of 770 K for about 4 hours. The density of the samples was
measured by the immersion technique using toluenc as liquid. The experimental density of
the hot-pressed pellets was found to be about 96 % of the x-ray density value of 7.746 g
em™. The microstructure of the samples, polished by standard metallographic techniques,
was investigated using an optical Nikon microscope under both ordinary and polarized
light. The microprobe analysis of selected samples was performed on a JEOL JXA-733
superprobe. The examinations of polished hot-pressed pellets under a microscope
showed that the samples were single phase. The microprobe analysis of the same samples
also showed that the samples were single phase with a composition closc to
Rug sPdys5b;. Samples were also prepared for differential therma analysis (DTA)
mcasurcments. A Du Pent 1600 DTA apparatus was used. The samples were sealed
under 10-5 Torr vacuum in quartz capsules 5 mm in diameter and 15 mm long. The
rounded bottom of the capsule was flattened and thinned by grinding and fire polishing to
provide a better contact between the material and the thermocouple. Argon was used as
the purge gas and heating rates of 2K min.” were used. The temperatures recorded by
DTA were determined with an accuracy of about + 10 K. The shear and longitudinal
sound velocity were measured at room temperature on samples about 8 mm long and
using a frequency of 5 Mhz. The thermal expansion coefficient was measured on the same
samples using a standard dilatomcter apparatus.




Resistivity and 1 lall effect measurements were conducted on selected samples

between 80 and about 800 K. The high temperature resistivity (p) was measured using
the van dcr Pauw technique with a current of 100 m A using a specia high temperature
apparatus. > The 1lall coefficient (R;;) was measured in the same apparatus with a
constant magnetic field value of 8000 Gauss. The I lan coefficient and resistivity were
measured simultaneous] y between 80 and 350K using an automated low temperature Hall
effect apparatus equipped with a Joule-Thompson cooler. The carrier density was
calculated from the 1 lall cocfficient, assuming a scattering factor of 1 in a single carrier
scheme, by p = 1 /R, ¢ where p is the density of holes and e is the electron charge. The

1 1all mobility (uy;) was calculated from the I lan coefficient and the resistivity values by

M= Ry/p. The error was estimated at + 0.5% and + 2% for the resistivity and 1 lan
coefficient measurements, respectively. The Seebeck coefficient of the samples was
measured on the same samples used for resistivity and 1 lall coefficient measurements
using a high temperature light pulse technique. '® 1'he error of measurements of the
Seebeck coefficient was estimated to be less than +1%. The thermal conductivity of the
samples was calculated from the expcrimental density, heat capacity and thermal
diffusivity. The heat capacity and thermal diffusivity were measured using a flash
diffusivity technique'” and the overall error in the thermal conductivity measurement was
about = 100/0.

111. RESULTS ANI) DISCUSSION

The x-ray analysis of the reacted powders showed that the samples were single
phase. The experimental x-ray spectrum could be indexed on the basis of a cubic unit cell
with the reflections corresponding to the skutterudite structure, space group Im3 (Tp3).
The experimental x-ray pattern for sample 1RPS411P is shown in Figure 1 and the
corresponding peak intensities and positions are tabulated in Table 11. The calculated
room temperature lattice constant is a== 9.298 #+ 0.01 A. This is slightly larger than for
the binary compound RhSb; (a. = 9.2322 A ) from which RugsPdgsSb; is derived. A
similar finding was obtained for FegsNigsSb; (a. = 9.0904 Am), derived from the binary
compound CoSb; (a. = 9.0345 ~'*),

The properties of RugsPdgsSb; are summarized in Table 11l and arc compared to
the binary compounds CoSb; and IrSb;. A temperature decomposition of 920 * 10 K was
found by DTA for Rug sPdy sSb;. Prolonged exposures of the samples at temperatures
above 920 K resulted in substantial Sb losses. Microprobe analysis of samples heat-
trcated above the decomposition temperature showed that the composition of the
resulting phase was close to Rug sPdg sSb,. We measured a thermal expansion coefficient
of 9.09 x 10°° K for RugsPdgsSbs. This is to be compared to a value of 6.36 x 10 K for
CoSb; and 6.6 x10°¢ K for 1rSb; (see Table I1).

The room temperature thermoelectric properties of RugsPdysSby (sample
1RPS411P) arc shown in Table I11. Typical properties for the binary compound CoSb;
and IrSb; arc also shown for comparison. Several samples were prepared but only slight
differences in the properties were found. Hall coefficient measurements showed that all



hot-pressed samples had p-type conductivity at room temperature with a large hole
density. The room temperature carrier density is 1.57 x 1020 cm™ for sample 1RPS4HP.
The electrical resistivity at room temperature is 0.476 x 10~ Q cm and the Hall mobility
74 cm? V's'. As expected, the carrier mobility is significantly decreased in the ternary
compound but is still reasonably large at this doping level. The Seebeck coefficient values
arc relatively small with a room temperature value of 14 pV K.

The electrical resistivity and Hall coefficient values are shown in Figures 2 and 3,
respectively. The Hall coefficient values are positive and small. The Hall coefficient is
practically temperature independent at low temperatures where extrinsic conduction
occurs up to about 500K where the onset of intrinsic conduction is observed. With
increasing temperature, the thermal excitation of electrons becomes larger and the Hall
coefficient decreases. Above 500K, the Hall coefficient shows an energy activated
behavior. A high temperature band gap of about 0.6 ¢V was estimated for Rug sPdg sSb,
from the slope of the quasi-linear variations of the 1 lall coefficient in this temperature
range. Thisisto bc compared with a high temperature band gap of about 0.8 eV for RhSb,
and 0.55 CV for CoSb;." The electrical resistivit y increases with temperature over the
entire temperature range of measurements. In Figure 4 we plot the Hall mobility as a
function of the temperature. The data can be divided into two regions. (1) a gentle fall
from 80 to about 400K and (2) a sharper fall from 400 to 800K. The mobility reasonably
follows a T-%* law below 400K and tends to follow a T*? above this temperature as
shown in Figure 4. Therefore, it seems that the dominant scattering mechanism at high
temperatures is acoustic phonons as indicated by the T** law. In heavily doped
semiconductors, the mobility is temperature independent for ionized impurity and neutral
impurity scattering.'® The variations of the Hall coefficient below 400K suggest that the
samples arc strongly degenerated and that most of the impurities are ionized. The Hall
mobility varies as T-%2° at low temperatures which indicates that a mixed carrier scattering
mechanism operates. The small temperature dependence of the Hall mobility at low
temperatures suggests that ionized impurity should be considered in this temperature
range. We shall assume in the rest of the discussion that the scattering mechanism is
dominated by a combination of acoustic phonons and ionized impurity below 400K and
acoustic phonons above this temperature.

in Figure 5, the Secbeck coefficient values are plotted as a function of temperature.
The Secbeck coefficient increases with increasing temperature up to about 700K and
tends to flatten at higher temperatures. This is due to increasing thermally excited
minority carriers which tend to decrease the magnitude of the Secbeck coefficient. In a
single band model and considering a mixed scattering mechanism by acoustic phonon and
ionized impurity, the Seebeck coefficient can be expressed as:
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where k is the Boltzmann’s constant, e is the electron charge, £ is the reduced Fermi
level, b is ameasure of the relative strengths of ionized impurity and lattice scattering, and
¢, is aFistul integral.”) This formalism is particularly useful when mixed scattering
mechanism occurs which is the case for RugsPdg sSbs. Using the same formalism, the Hall
coefficient (R,1) can be expressed as.

Ry=_ _ 3h*  ¢on(E.b)
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where m* is the hole effective mass, histhePlanck’s constant and T is the temperature in
K. b=0 for acoustic phonon scattering and b= 10 for ionized impurity scattering. Based on
the variations of the 1 Iall mobility below 400K, b will be taken equal to 8 in this
temperature range. For temperatures above 400K, b will be taken equal to O. The reduced
Fermi level can be caculated from the experimental Secbeck coefficient data using
equation (1). The calculated reduced Fermi level values can then be used in equation (2)
to calculate the effective mass m*. We calculated a room temperat ure effective mass of
0.28 My for p-type RugsPdgsSbs. This value is comparable to the values Of 0.17mgand
0.153 m. obtained for p-type 1rSb; and CoSb;, respectively (sec ‘I’able 11 ). The dashed
line in Figure 4 represents the model calculation of the Seebeck coefficient using equation
(). The model describes reasonably well the experimental data.

The thermal conductivity data are shown in Figure 6 for several p-type
Rug sPdg sSby samples and also for typical p-type CoSb;. The data agree reasonably well
for all the three Rug sPdy sSbs samples measured but the slight differences observed are
mainly due the differences in the sample density. The room temperature thermal
conductivity is about 30 mW cm'’! K!, about three times lower than for p-type CoSbs. In
p-type CoSb;, the predominant scattering mechanism above 10K is phonon-phonon
umklapp.’ For RugsPdy sSbs, the thermal conductivity is almost temperature independent
which indicates that, as expected, that additional scattering mechanisms occur. Because
the samples are heavily doped, the electronic contribution (A.) to the total thermal
conductivity (A) becomes significant. This contribution can be calculated using the
Wiedemann-Franz |aw:

Ae = LT/p 3)

where L isthe Lorenz number. Similarly to the Hall coefficient and Scebeck coefficient,
the Lorenz number can be expressed as:
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The reduced Fermi level values, obtained from the experimental Secbeck
coefficient values using equation (1), were used to calculate the Loorenz number. A, was
then calculated as a function of temperature from the calculated Lorenz numbers and the
experimental resistivity data. The result is shown in Figure 6 where the dashed line
represents the lattice thermal conductivity of sample 1 RPS4AH P. At room temperature,
the electronic component accounts for about one third of the total thermal conductivity
and the room temperature lattice thermal conductivity y is about 20 mW cm’K”, about
five times lower than for p-type CoSbs. The substitution of Ru and Pd to Rh in RhSbs is
expected to create mass and volume disorder in the structure, resulting in lower thermal
conductivity. Ru and Pd have only dlightly different atomic masses and atomic radii.
Therefore, the large decrease in lattice thermal conductivity is unlikely to be solely due to
mass and volume fluctuations. The scattering of phonons by holes (or electrons) in
heavily doped semiconductors can result in a substantial reduction of the lattice thermal
conductivity. Our samples are heavily doped and phonon-hole scattering might also
account for the low lattice thermal conductivity values.

The lattice thermal conductivity can be estimated using the formalism developed
by Slack and Tsoukala.” The theoretical lattice thermal conductivity A'(@) at the Debye
temperature is given by:

A 2
v @=BRO
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where M is the average mass of an atom of the crystal, & is the average volume occupied
by an atom,® is the Debye temperature, » is the number of atoms per unit cell, ¥ is the
Griineisen constant at T= 0, and B= 3.04 x 107 S°K™. For RugsPdsSb;, M =117.2 g, and

n =32. The Debye temperature can be calculated from the mean sound velocity which can
be estimated from the experimental longitudinal (v,) and shear (v,) sound velocity listed in
Table 1 11.?° The mean sound velocity v, is given by:

e (}*[;23 i ‘vl?})— N (6)

Woc calculated a mean sound velocity of 2.652 x 105 cm s’. The Debye
temperature is related to the mean sound velocity by the equation:
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where h and % arc the Planck’s and Botlzmann’s constants, respectively, N is the
Avogadro’s number, d is the density, and M* is the molecular weight of the solid. We
calculated a Debye temperature of 269K for Rug sPdy sSb;. The Deb yc temperature is 308
and 307K for IrSb; and CoSbs, respectively (see Table 111). Finally, a Griineisen constant




of 1.21 was calculated for RugsPdysSby using the formalism developed by Slack and
Tsoukala.” The Griineisen constant for IrSb; and CoSb; is 1.42 and 0.95, respectively .**

The theoretical lattice thermal conductivity obtained for RugsPdysSby from
equation (5) is 55 mWem” K’at room temperature. Using the same formalism we
estimated a theoretical lattice thermal conductivity value of about 101mW cm’K7 for p-
type CoSb;'" and Slack and Tsoukala estimated a value of 94 mW cm'K’for p-type
IrSb,.? Although the experimental and calculated theoretical values for the lattice thermal
conductivity do not agree quantitatively, the results show that there is a significant
decrease for Rug sPdy sSb; compared to the binary compounds IrSb; and CoSbs.

The calculated ZT values are low (Z7T,.x = 0.02 at 800K) mainly because of the
high doping levels of the samples, resulting in low Seebeck coefficient values. Larger
Seebeck coefficient values would likely be obtained for samples with smaller doping
levels. The values of the effective mass for p-type Ru, sPdy sSb; are slightly larger than for
p-type CoSb; and IrSb;, suggesting that Seebeck coefficient values at least as large as for
p-type CoSbs and 1rSb, can be obtained for p-type Rug sPdgsSbs. The optimization of the
doping level might be achieved by doping, for example. The lattice thermal conductivity is
small and ZT vaues comparable to state-of-the-art thermoelectric materials might be
possible with optimization of the doping levels.

IV. CONCLUSION

We studied for the first time the thermoelectric properties of a new ternary
skutterudite material: Rug sPdy sSb;. The results showed that this compound behaves as a
heavily doped semiconductor. The thermal conductivity in this compound is substantially
reduced compared to binary compounds such as CoSb; or IrSb,. The results suggest that,
by optimizing the doping level, ZT values comparable to state-of-the-art thermoelectric
materials might be possible. Further studies should aim to investigate the effect of various
impurities in this compound in order to optimize the doping level and fully assess its
potential for thermoelectric applications. Other ternary compounds will be investigated as
well to further study the good potential of these materials for thermoelectric applications.
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TABLE CAPTIONS

Table 1.

Table 11.

Table 111.

Ternary skutterudite materials reported in the literature

Experimental X-ray data for Rug sPdy sSb;

Some properties at room temperature for p-type 1rSbs?, p-type CoSb;' ¥,
and p-type Rug sPdg sSb; (this study).

FIGURES CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Experimental x-ray spectra of RugsPd, sSbs The numbers correspond to
the peak numberslisted in TableIl.

Electrical resistivity versus inverse temperature for two hot-pressed
RUQ_SPd0.58b3 samples

1 1all coefficient versus inverse temperature for two hot-pressed
RllO.SPd().5Sb3 sampl €s.

| Tall mobility versus temperature for two hot-pressed Rug sPdg sSb,
samples.

Seebeck coefficient versus temperature for two hot-pressed Rug sPdg sSbs
samples. The dashed line represents a model calculation assuming a single
valence band with both acoustic and ionized impurity carrier scattering
between 300 and 400K, and only acoustic phonon scattering above this
temperature.

Thermal conductivity versus temperature for several hot-pressed

Ruy sPdy sSby samples. The solid line corresponds to the typical thermal
conductivity values for p-type CoSbs*and the dashed line is the
calculated lattice thermal conductivity for sample 1 RPS4HP.
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